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Abstract 
CO2 capture and storage (CCS) will have a significant impact on the cost of electricity production and costs in other potential 
applications. Hence, there is a need to identify and structure transportation alternatives in order to fill the gaps in knowledge of 
the cost of integrated capture, transport, and storage processes. As part of the EU China Cooperation project (COACH), a case of 
transporting 4,000 tonnes of CO2 per day from GreenGen IGCC Project in Tianjin to Shengli Oilfield at a distance of 300km in 
China has been outlined and subjected to parametric studies. The paper reveals the details of these cost analyses and results 
pertaining to three alternatives: a) pipeline transport, 43.13 RMB/tonne CO2 (4.3 €/tonne CO2), b) shipment, 45.79 RMB/tonne 
CO2 (4.6 €/tonne CO2), and c) railway tank wagon transport, 77.35 RMB/tonne CO2 (7.7 €/tonne CO2). 
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1. Introduction 
At present, CO2 transportation can be performed by several means of transportation such as motor carriers, 
railway, ship and pipelines. A pipeline has the advantage of providing steady flow and the other means of 
transportation must include appropriate storage facilities to handle the reloading of CO2 [1, 2]. 
Onshore pipeline transport is regarded as the most economical way for large-scale CO2 transport [1, 3-5]. It is 
generally recommended that a CO2 pipeline operate at pressures greater than 8.6MPa where the sharp changes in 
compressibility of CO2 can be avoided across a range of temperatures and operate at pressures less than 15.3MPa 
which is the maximum allowable operating pressure of most flanges [7, 8]. Considering environmental, security and 
safety reasons, pipelines are often buried, which provides more stable temperatures. The cost of pipeline transport 
will be controlled by the pipeline route with the physical and geographical constraints playing important roles, as 
well as the characteristics of the pipeline itself, such as the pipeline length, diameter, material, amount and sharpness 
of bends and the need and number of booster stations. Researchers have claimed different cost estimates [2, 9]. 
Diameter calculation is considered as a crucial step in the cost estimation of CO2 pipeline transport by many 
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researchers [7-9]. One plausible method is the calculations that are based on hydraulic laws. Regulations to the 
compositions of the transported CO2 have been specifically explained by many researchers [4, 8].  
Ship transport of CO2 provides a more flexible, and in many cases, more cost-effective transport solution than 
pipelines with distances over 1000km [5]. CO2 is usually transported at a pressure near the triple point (TP) for 
efficient high-density transportation. Thus, semi-pressurized ships should be used and it is recommended that the 
CO2 on ship will be transported at about 0.65MPa and -52C [7, 9]. Cost of ship transport comprises of the capital 
cost and operation and maintenance (O&M) cost to the tankers and the intermediate storage facilities [9]. 
2. Transport System Design 
As part of the EU China Cooperation project (COACH), a case of transporting CO2 from GreenGen IGCC 
Project in Tianjin to Shengli Oilfield in China by pipeline, ship and railway has been studied. Alternative transport 
systems are to be designed to handle 4,000 tonnes of CO2 per day (1.46Mt/y). Route details are shown in the Fig.1 
and Table.1. “A” represents the source of CO2, which is the GreenGen Co. IGCC power plant at Tianjin and “B” 
represents the sink of CO2, Shengli Oilfield in Dongying; “R1”, “R2” and “R3” indicate the locations of railway 
stations; “S1” is a harbour; Pipeline route, ship route and railway route are drawn in black, blue and red, respectively. 
Fig.1. Transport routes 
Table.1. Detail of transport routes 
Transport 
method Symbol Module 
Distance 
(km) 
Pipeline AB Pipeline 300 
Ship 
A Intermediate storage  
AS1 Ship 300 
S1B 
Short 
pipeline 25 
Railway 
tank 
wagon 
AR1 
Short 
pipeline 10 
R1 
Intermediate 
storage  
R1R2 
Railway 
NO.1205 598 
R2R3 
Railway 
NO.5011 
R3B 
Short 
pipeline 20 
 
2.1. Pipeline transportation design (A-B) 
Pipeline diameter calculation is considered as a crucial step in pipeline design, whether booster stations are 
needed or not should be considered. 
2.1.1. Diameter Calculation 
Calculation assumptions are shown in Table.2. 
Table.2. Pipeline Diameter Calculation Assumptions 
Parameter Symbol Value 
CO2 mass flow rate (t/d) m 4000 
Average Temperature (C) Tave 14 
CO2 inlet Pressure (MPa) p1 15.2 
CO2 outlet Pressure (MPa) p2 10.3 
L. Gao et al. / Energy Procedia 4 (2011) 5974–5981 5975
 Author name / Energy Procedia 00 (2010) 000–000 3 
Altitude Difference (m) h2-h1 0 
Pipe Length (km) L 300 
Rubin’s model [7] concludes an iterative methodology for calculating CO2 pipeline diameter. A series of 
equations is illuminated in the publication [10-12], and here we only list the kernel equation for pipeline diameter 
(D): 
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where Zave is the average compressibility factor; R is the universal gas constant (Pa m3/mol K); f is the Fanning 
friction factor; Pave is the average pressure (Pa). 
In Europe, pressure piping is usually specified by DN ("Diametre Nominal") based on millimetres. The pipe wall 
thickness, t (m), is calculated using the method specified in the US Code of Federal Regulation (CFR 2005). API 5L 
X-70 pipeline steel is recommended to be used in coming CO2 pipeline transport projects. The calculation results are 
shown in Table 3. Finally, DN300 (SCH.30) pipe, with an outside diameter of 323.85mm, and nominal thickness of 
8.89mm was chosen. 
Table.3. Detail parameter values of pipelines 
Diameter Calculation Inputs 
Parameter Symbol Value 
Average Pressure (MPa) Pave 12.9 
CO2 density (kg/m3)  920 
CO2 viscosity (Pa•s)  9.69E-05 
assumed velocity (m/s) v 1.36 
assumed diameter (m) D1 0.217 
the maximum operating pressure (MPa) pmop 15.3 
minimum yield stress (MPa) S 483 
longitudinal joint factor E 1 
design factor F 0.72 
Diameter Calculation Outputs 
Calculated diameter (m) D 0.276 (10.88in) 
Nominal diameter DN DN300(NPS12) 
outside diameter (m) Do 323.85mm(12.75in) 
pipe wall thickness (mm) t1 7.12 (0.28in) 
Nominal thickness t SCH.30=8.89mm(0.350in) 
2.1.2. Booster demand 
Whenever CO2 pressure is lower than 10.3 Mpa during the transportation, a booster is needed. With pipe nominal 
diameter settled based on equation (1), the max length of pipeline without booster can be calculated: 
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Also, with a settled pipeline length, based on equation (1), the actual CO2 outlet pressure (p2a) can be calculated: 
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For this case, Lmax equals to 2562km, and p2a equals to 14.7MPa. It means that for our pipeline diameter and 
transport distance, the pressure losses during the transportation is fairly small, which means that a booster is not 
needed at all. In consideration of longer distance transport cases, a balance should be made between pipeline 
diameter and the number of booster stations (if required). 
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2.2. Ship transport design (A-S1-B) 
Economically large-scale transport of CO2 by ship could be done in semi-pressurized vessels at pressures near the 
triple point (0.65Mpa and -52 ) in order to use well established design for commercial construction of LPG carriers ć
and intermediate storage. This condition also gives the highest density in the liquid state, which reduces the 
transport unit cost. As is shown in Fig.1 and Table.1, the ship transport route is composed of a ship route (A-S1), 
and a short pipeline (S1-B). And, owing to the intermittency of the shipments an intermediate storage (at A) is also 
needed. These components are designed respectively. 
2.2.1. Calculation of Capacity and Number of  Tankers 
The aforementioned temperature and pressure properties of CO2 give a CO2 density () of 1162 kg/m3 (NIST). 
Thus, the 4,000 tonnes of CO2 to be handled per day has a volume of 3,442 m3 and tankers with semi-pressurized 
vessels of 3,600 m3 are used. 
The loading time for each tanker will be approximately 25.1 hours. The unloading time which unlike the loading 
time is not dependent on the CO2 flow rate from the plant, is considered to be about 2 hours. Assuming a tanker 
speed of 33km per hour and the distance is 300km, it is then possible to calculate the time taken for a round trip, 
which is 20.2 hours. For this case, it is found that 2 tankers would be needed and an additional tanker is added, 
bringing the total number required to 3, to allow for tanker downtime. Considering the easiness of organization, the 
loading time is set to 24 hours, though economical aspects are influenced slightly due to some space of the tanker is 
wasted in transportation and annual fuel usage is increased. 
2.2.2. Diameter of the Short pipeline (S1-B) 
API 5L X-70 DN300 (SCH.30) pipe is chosen with outside diameter, 323.85mm, nominal thickness, 8.89mm and 
total length, 25km. 
2.2.3. Intermediate storage infrastructure (B) 
There are two main technologies for intermediate storage of LPG, either underground in great rock and salt 
caverns or in large steel tanks above ground. At present, only the steel tank technology is used for CO2. In the ship 
transport project [13], it was assumed that the total intermediate storage capacity would have to be 150% of the 
loading capacity of the ship, so for a ship size corresponding to a CO2 cargo of 3,600 m3 the intermediate storage 
capacity should be 5,400 m3. To safely store 5,400 m3 of CO2, 2 cylindrical steel tanks of 3,000 m3 each [14] are 
used here. 
2.3. Railway tank wagon transportation design (A-R1-R2-R3-B) 
As is shown in Fig.1 and Table.1, the railway transport route is composed of two railway routes (R1-R2&R2-R3), 
two short pipelines (A-R1&R3-B) and also an intermediate storage (at R1) is needed. 
API 5L X-70 DN300 (SCH.30) pipe is chosen with total length of 30km. The same kind of intermediate storage 
infrastructure can be used as described in section 2.2.3. Railway tank wagon transportation is ruled by 2005 
“Railway Freight Tariff Rules” enacted by the People's Republic of China Ministry of Railways. 
3. Cost analysis 
3.1. Pipeline transport cost 
3.1.1. New model 
While existing models are rough for pipeline transport cost calculation, building a new model is necessary in the 
case of CO2 pipeline transport in China. To estimate pipeline transport costs, our model estimates 1) total capital 
cost, (CTC, RMB); 2) annual O&M (operation & maintenance) cost, (CAO&M, RMB); 3) levelized cost of CO2 
transport, (CL, RMB). The methodology and results of estimations are elaborated in detail below: 
Theoretical weight formula of steel pipe (W, kg) is given by: 
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 0.02466 ( )oW t D t L
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Total capital costs can be divided into material, labour, right-of-way (ROW) and miscellaneous components. 
Each cost of the components possesses a stable percent of the costs. A breakdown of costs on a percentage of total 
cost basis shows the percentage of material cost ranges from 22.4% to 34.3% in the United States [9]. Due to a low 
labour cost in China, here we suggest that material cost can be estimated at 50% of the total capital costs. Equations 
for CTC, CAO&M and CL are listed below: 
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where CP is the cost of pipeline steel (RMB/kg); fM is material cost factor, which equals to the percentage of 
material cost to total capital costs; fO&M is O&M cost factor; CRF is the annual capital recovery factor and m is the 
CO2 mass flow rate (t/y). Details of each parameter and calculation results are shown in Table.4. So, pipeline 
transport cost of CO2 is 43.13 RMB/t 
Table.4. Detail parameter values for pipeline cost calculation 
Calculation Inputs 
Parameter Symbol Value 
Outside diameter (mm) Do 323.85 
Nominal thickness (mm) t 8.89 
Pipeline length (km) L 300 
Price of pipeline steel (RMB/kg) CP 8* 
Material cost factor fM 0.5 
O&M cost factor fO&M 0.04 
annual capital Recovery Factor CRF 0.15 
CO2 mass flow rate (t/y) m 4000365 
Calculation Outputs 
Pipe Weight(kg) W 2.07107 
Total capital cost (RMB) CTC 331,429,737.14 
Annual O&M cost (RMB) CAO&M 13,257,189.49 
Levelized Cost (RMB/t) CL 43.13 
*Cost of pipeline steel is based on price from Baoshan Iron and Steel Group Co., Ltd., who provides pipeline steels for China’s 
West-East Gas Pipeline Project. 
3.1.2. Model results comparison 
We also use MIT model [9] and Liu’s model [2] to calculate the CO2 pipeline transport cost. MIT model and 
Liu’s model are built specially for cases in USA and China, respectively. The MIT model results in a cost at 7.68$/t, 
which equals to RMB 52.52/t (1USD=6.8389CNY, according to the exchange rate published by People's Bank of 
China on March 2nd, 2008) and Liu’s model suggests RMB 36.78/t. Likewise, the cost estimate according to our 
model amounts to RMB 43.13/t, which corresponds quite well to that of Liu’s model, and both estimates appear to 
be somewhat lower than that of the MIT model. This simple comparison can be taken as a proof for the availability 
of the new model. 
3.2. Ship transportation cost 
3.2.1. Tanker cost 
The capital cost of the tanker is found to be around RMB 70 million for a single 3,600 m3 tanker. A 30% 
surcharge is added to the capital expenses to cover costs associated with general facilities, engineering, permitting, 
and contingencies. Thus the total capital cost for 3 ships is RMB 273 million. 
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The total O&M cost is calculated as the sum of the non-fuel and fuel O&M costs [9]. The non-fuel O&M cost is 
calculated as 4.7% of the total tanker capital cost, excluding the fuel cost, plus 2% of the total non-tanker capital 
costs. The fuel O&M cost is determined as the product of the total annual fuel usage, found from multiplying the 
tanker fuel usage by the total annual distance travelled, and a diesel fuel price. Thus the annual cost for tanker is 
RMB 53.78 million. Considering a CO2 mass flow rate of 4000t/d, the total cost of CO2 transport via tankers will 
amount to RMB 36.84/t. 
3.2.2. Short pipeline cost (S1-B) 
Here the methodology used in section 3.1 is applied. Among all the input parameters, only the pipeline length 
will differ, which is only 25km here. The total capital cost, annual O&M cost and levelized cost of the short pipeline 
are RMB 27.62 million, RMB 1.10 million and RMB 3.59/t respectively. 
3.2.3. Intermediate storage cost (B) 
Intermediate storage costs for steel tanks are exemplified by previous researchers and the investment cost for 
3,000 m3 tank is € 6.5 million, which equals to RMB 55.90 million (€1=RMB 8.6 on May 6th, 2010) [1]. With 
assumptions of depreciation time of 25 years and interest rate of 5%, total investment cost is RMB 111.8 million and 
the levelized cost is RMB 5.36W CO2
In summary, the total cost of ship transport is RMB 45.79/t, by adding costs of the three sectors together. 
3.3. Railway tank wagon transportation cost 
Railway sector cost is calculated based on 2005 “Railway Freight Tariff Rules”, calculation details are not listed 
here. The total levelized cost is RMB 77.35/t, which is composed of RMB 4.32/t for 30km short pipeline, RMB 
5.36/t for intermediate storage and RMB 67.67 /t for railway transportation. 
4. Sensitivity study 
4.1. Pipeline transport 
For pipeline the sensitivity study addressed specifically the pipeline diameter (Fig.2), capital cost (Fig.3) and 
levelized cost (Fig.4). The study was made by changing the CO2 mass flow rates ranging from 2,000 to 20,000 t/d 
and pipeline lengths ranging from 100 to 500 km. The outcome is that a higher mass flow rate enlarges the pipeline 
diameter and the capital cost, but minimizes the levelized cost. Extending the length of the pipeline would require 
larger pipeline diameter, and thus, higher capital and levelized costs. 
 
Fig.2. Pipeline Diameter as a Function of CO2 Mass 
Flow Rate and Pipeline Length 
Fig.3. Pipeline Capital Cost as a Function of CO2 Mass 
Flow Rate and Pipeline Length 
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4.2. Ship transport 
For ship transport the sensitivity study addressed the number of ships needed (Fig.5), the capital (Fig.6) and 
levelized costs (Fig.7). The study was performed by changing CO2 mass flow rates ranging from 2,000 to 20,000 
t/day and choosing different ship capacities, which are usually either 3,600m3 or 22,000m3. The expenses of the ship 
with a capacity of 22,000m3 induce a much higher capital cost than that of a ship with the lower capacity (3,600m3). 
While, a large-capacity ship is competitive in CO2 ship transport when the CO2 mass flow rate is large enough, the 
number of small-capacity ships will raise extensively as the amount of CO2 is increased. The study clearly shows the 
importance choosing a ship with appropriate capacity. 
 
Fig.4. Pipeline Levelized Cost of CO2 Transport as a 
Function of CO2 Mass Flow Rate and Pipeline Length 
Fig.5. Ship Number Needed as a Function of CO2 
Mass Flow Rate and Ship Capacity 
Fig.6. Ship Capital Cost as a Function of CO2 Mass Flow 
Rate and Ship Capacity Fig.7. Ship Levelized Cost of CO2 Transport as a 
Function of CO2 Mass Flow Rate and Ship Capacity 
5. Conclusion 
According to the CO2 mass flow rate of 4,000t/d and the distance of 300km, API 5L X-70 pipeline of DN300 
(SCH.30) is chosen. It is designed that CO2 is transported in supercritical phase at pressure range from 10.3Mpa to 
15.2Mpa. The cost of CO2 pipeline transport is 43.13RMB/t. Cost results have been compared with MIT and Liu’s 
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models, which proves the availability of the new model. The comparison suggests that the model can be used for 
CO2 pipeline transport cost calculation in the future.  
Large-scale transport of CO2 by ship is done in semi-pressurized tankers of 3,600 m3 at pressure near triple point 
(0.65 Mpa and -52 ) and cost of COć 2 transport via ship is RMB 45.79/t.  
Railway tank wagon transportation of CO2 is administrated by P.R.China Ministry of Railways and the 
transportation cost, which is approximately 77.35 RMB/t, and it is ruled by 2005 “Railway Freight Tariff Rules”.  
Sensitivity study shows that a higher mass flow rate enlarges the pipeline diameter and the capital cost, but 
minimizes the levelized cost. Extending the length of the pipeline would require larger pipeline diameter, and thus 
higher capital and levelized costs. The study also shows a large-capacity ship is competitive in CO2 ship transport 
when the CO2 mass flow rate is large enough, the number of small-capacity ships will increase extensively as the 
amount of CO2 is increased. 
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